We have investigated patterns of within-species polymorphism and between-species divergence for synonymous and nonsynonymous variants at a set of autosomal and X-linked loci of Drosophila miranda. D. pseudoobscura and D. affinis were used for the between-species comparisons. The results suggest the action of purifying selection on nonsynonymous, polymorphic variants. Among synonymous polymorphisms, there is a significant excess of synonymous mutations from preferred to unpreferred codons and of GC to AT mutations. There was no excess of GC to AT mutations among polymorphisms at noncoding sites. This suggests that selection is acting to maintain the use of preferred codons. Indirect evidence suggests that biased gene conversion in favor of GC base pairs may also be operating. The joint intensity of selection and biased gene conversion, in terms of the product of effective population size and the sum of the selection and conversion coefficients, was estimated to be ‫.56.0ف‬
D ROSOPHILA miranda (a close relative of D. pseudo-
reflects the cumulative effects of this reduction in the efficacy of selection. obscura) provides a model system for studying the In accordance with theoretical expectation, silent-site evolutionary effects of reduced recombination. In this diversities at neo-Y loci are reduced compared with species, an autosome (Muller's element C) has become their neo-X linked homologs (Bachtrog and Charlesfused to the Y chromosome and does not recombine worth 2002). In addition, data on protein evolution (the neo-Y ), while its homolog (the neo-X) cosegregates on the neo-sex chromosomes of this species (Yi and with the X chromosome and recombines in the homogaCharlesworth 2000; Bachtrog 2003a,b) suggest that metic females (MacKnight 1939; Steinemann and there has been an accumulation of amino acid substituSteinemann 1998). The neo-Y chromosome shows clear tions on the nonrecombining neo-Y. This probably resigns of incipient loss of gene function, including abflects a weakening of the effectiveness of selection sence of genes, reduction in gene expression, and major against deleterious amino acid substitutions. In addichanges (such as deletions) to some coding sequences tion, there is an apparent excess of fixations of synony- (MacKnight 1939; Steinemann and Steinemann 1998;  mous mutations, creating unpreferred codons on both Bachtrog 2003a,b). The absence of genetic recombithe neo-X and neo-Y chromosomes (Bachtrog 2003b) . nation on the neo-Y chromosome is expected to result While a reduction in the effectiveness of selection for in reduced levels of genetic variability and adaptation, codon usage on the neo-Y chromosome of D. miranda reflecting a reduction in effective population size caused is in accord with expectation, the reduction for neo-X by various types of Hill-Robertson effects associated with genes is surprising, in view of the evidence for selection selection acting on a nonrecombining block of genes on codon usage in D. pseudoobscura (Akashi and (reviewed by Charlesworth and Charlesworth 2000).
Schaeffer 1997). But the effective population size (N e ) The degeneration of the neo-Y chromosome probably of D. miranda appears to be much smaller than that of D. pseudoobscura (Yi et al. 2003 could have resulted in evolution toward reduced codon 1 E, B, and A, respectively (Ashburner 1989) . For the other
The primary objective of this analysis was to examine genes, a single allele from each species was investigated. Dethe patterns of protein evolution and codon usage bias scriptions of the sequences analyzed are given in able relative of D. pseudoobscura and its sibling species
Cloning and sequencing: Sequences were cloned from puri- (Powell 1997 ), yet has been little studied at the level fied PCR products using TOPO-TA (Invitrogen, San Diego),
of DNA sequences. 
Sequence polymorphism data: Nucleotide diversity

DNA extraction and PCR amplification:
The genes studied within D. miranda at each locus is shown in Table 2. here were initially selected from the sequences of D. pseudoobThe most variable gene was rosy, in agreement with scura available in GenBank until the release of its complete genomic sequence (http:/ /hgsc.bcm.tmc.edu/projects/dro previous reports showing that it is highly polymorphic at sophila/), which subsequently allowed us to broaden the the coding sequence level in several Drosophila species choice of loci. Some of these genes were included in a previous (Riley et al. 1992; Begun and Whitley 2002) . The study of chromosomal and DNA sequence variation in D. miunweighted average silent pairwise nucleotide diversity randa (Yi et al. 2003 ; see Table 1 ). We used a longer sequence for all the genes studied was 0.41% although a slight for Gapdh2 than did Yi et al. (2003) , so that the data for this locus are new. Twenty loci were used for the population survey overall difference between autosomal and X-linked loci results reported here: 6 of them are located on chromosome was detected (means of 0.48% vs. 0.28%, respectively).
2 of D. miranda (bcd, Bruce, Gld, hyd, and rosy), 7 on The results given in Table 3 reduce this variability, we removed runt (X-linked) and rosy ited negative D-values when silent and nonsynonymous sites were combined, although only hyd was individually (autosomal), which are outside the range of variability observed for other loci, as well as loci that showed evisignificant. The most negatively skewed values corresponded to hyd and Bruce, with 5 of 5 and 4 of 5 variants dence for significant departures from neutrality (per, swallow, and AnnX; see below and Yi et al. 2003) . This being singletons, respectively. The mean values of and w for silent variants are very close to each other (mean increases the difference between the weighted means for adjusted X-linked and autosomal values (0.65 and paired difference of Ϫ0.038%, with standard error of 0.020%), with 7 of 18 comparisons giving positive values, 0.35%, respectively); the lower bootstrap 95% confidence limit for the difference is 0.00% and the differso there is no significant evidence of an overall departure of silent variants from neutral expectation, in agreeence in observed adjusted mean has P Ͻ 0.05 on a t-test (t ϭ 2.26, 16 d.f.). This suggests that sexual selecment with the conclusions of Yi et al. (2003) . In contrast, only 1 of 14 loci with replacement polymorphism tion may be acting to reduce autosomal variability in D. miranda, in agreement with the conclusion of Yi et al.
data have larger than w for nonsynonymous variants (the mean difference is Ϫ0.023%, SE 0.005), P ϭ 0.001 (2003), but more data are clearly needed to resolve this point. A possible problem with this conclusion is that on a sign test. This suggests the action of purifying selection on replacement polymorphisms (see below). there is evidence for weak selection on synonymous variants (see below). However, the theoretical results of Although the pooled frequency distribution of nonsynonymous variants was more skewed toward low-freMcVean and Charlesworth (1999) show that such selection reduces the ratio of X-linked to autosomal quency variants than the distribution of synonymous variants, the distributions did not differ significantly on variability, if the deleterious effects of mutations are recessive or additive, as usually seems to be the case.
a Mann-Whitney U-test (data not shown).
Another way of testing whether the patterns of nucleoThe frequency spectrum of variants at each locus was studied using Tajima's D statistic (Tajima 1989) , for tide variation and divergence are compatible with the standard neutral model is to apply the HKA test, which which a significantly negative value indicates that there are more low-frequency variants than expected under asks if polymorphism levels for each locus are proportional to divergence between species (Hudson et al. the neutral model. Fourteen out of the 20 genes exhib- et al. (1992) . No evidence for departure from neutrality at rosy was obtained from other tests, such as haplotype this program to our data on silent sites, using D. affinis for measuring divergence, showed that only three loci tests. After removing AnnX and swallow, we compared the log-likelihood obtained when the expected diversideparted significantly from neutral expectation (conservatively adjusting the expected diversity values for ties for X-linked loci were set to three-quarters of the autosomal values with that for the case of equal expected X-linked loci to three-quarters of those for autosomes): AnnX, swallow, and sry-alpha (P Ͻ 0.001, 0.003, and 0.02, values for X-linked loci and autosomes (strong sexual selection). The resulting 2 was 5.24, P ϭ 0.023, suprespectively). All of them showed less variability than expected from their divergence levels, suggesting possiporting the above conclusion that D. miranda is subject to sexual selection. ble effects of selection. The result for sry-alpha is not significant if allowance is made for multiple tests. rosy, Selective constraints on protein sequences: When a gene is evolving neutrally, the ratio of nonsynonymous despite being unusually polymorphic, did not deviate to synonymous or silent-site divergence (K a /K s ) should sequences, we identified polymorphic replacement and synonymous mutations within coding sequences of D. be equal to one, but selective constraints on the protein sequence cause the ratio be lower (K a /K s Ͻ 1), because miranda and apparent fixed differences between D. miranda and D. affinis (Table 4) . We then applied the selection removes deleterious nonsynonymous mutations (Kimura 1983 (Table 3) , using the Jukesmodel, the ratio of silent to replacement variants should be the same for polymorphisms as for fixed differences. Cantor correction for multiple hits ( Jukes and Cantor 1969).
Most genes did not show significant values of this ratio (except for Ddc and hyd). The existence of an excess On average, pairwise comparisons among the three species under analysis show very similar K a /K s ratios.
of polymorphisms relative to fixations for replacement variants, compared with the ratio of synonymous polyInterestingly, the mean K a -, K s -, and K a /K s -values between D. miranda and D. pseudoobscura are extremely morphisms to fixations, in the overall data set was evaluated by the Mantel-Haenszel statistic, z. This involves close to those for loci on the neo-X chromosome of D. miranda after excluding two loci that appear to be under the sum over all the tables of the deviations of the observed numbers of replacement polymorphisms from positive selection (Bachtrog 2003b, Table 2 ). However, given the close relationship between D. miranda the expected numbers when the cell frequencies for a table are the products of the row and column frequenand its sibling species D. pseudoobscura (Yi et al. 2003) , it is desirable to apply a correction for within-species cies, divided by its sampling standard deviation (Snedecor and Cochran 1980). For the number of indepengenetic variation when comparing them. The silent pairwise nucleotide diversity for D. pseudoobscura ( silent ϭ dent 2 ϫ 2 tables used here, z should be close to a standard normal variate. This was checked by compar-1.48%) was estimated by taking the mean of individual locus values from previous studies (Hamblin and Aquaing the normal probability values to those from 10,000 resamplings of the 2 ϫ 2 tables, keeping row and column dro 1999; Kovacevic and Schaeffer 2000; Machado et al. 2002) . The mean of this and the mean for D. numbers fixed; there was excellent agreement. Including all 18 relevant loci, z ϭ 3.00, P Ͻ 0.001; if rosy miranda in the present analysis ( silent ϭ 0.34%, excluding the unusually highly variable rosy locus) were subis removed (which contributes a large fraction of the polymorphisms), z ϭ 2.73, P Ͻ 0.01. If singletons are tracted from the mean silent divergence between the two species (K silent ϭ 4.10%), providing a slightly lower removed from the tables, the corresponding z-statistics become 1.28 and 1.01, respectively, which are nonsigestimate of net divergence (K silent ϭ 3.19%). An analysis of published value for DNA sequence polymorphism nificant. This suggests strongly that the low-frequency replacement polymorphisms are slightly deleterious. We in D. pseudoobscura suggests that the replacement-site nucleotide diversity is fairly similar to that for D. miranda estimated the value of N e s (where N e is the effective population size, and s is the selection coefficient on a (V. Noël, C. Bartolomé and B. Charlesworth, unpublished data), so that the adjusted mean value of K a homozygous deleterious replacement variant), using a modification of the method of Maside et al. (2004) for is ‫.%63.0ف‬ This yields a ratio of adjusted mean K a to mean K silent of 0.11, which is the same as the mean of estimating the intensity of selection on codon usage. This involves using the frequency spectrum for segregat-K a /K s . Given the much larger divergence from D. affinis, the lack of correction for within-species polymorphism ing mutations under selection with no dominance (Equation 9 of McVean and Charlesworth 1999) to will have only a small effect on the comparisons with D. affinis. As shown in Table 3 , all genes are subject to calculate the expected proportion of singletons in a sample, yielding a maximum-likelihood estimate of N e s purifying selection (K a /K s Ͻ 1).
However, it should be pointed out that there is some on the assumption of independence among sites with the same selection coefficient for each site. Pooling heterogeneity in selective constraints among loci: sryalpha, sisA, and swallow seem to exhibit unusually fast across loci, we obtained a value of 1.2, with 2-unit support limits (0.2, 2.7). Variation among sites in the selecrates of amino acid evolution, although there was no evidence for positive selection even when these three tion coefficient is likely to cause this estimate to be downwardly biased (see below). loci were pooled (see below). There is a slightly but not significantly higher mean K a for X-linked genes (3.0 Ϯ Codon usage bias: As described in materials and methods, we estimated codon usage bias from the fre-1.1%, compared with 1.9 Ϯ 0.50% for autosomes). This is consistent with the higher rate of protein sequence quency of optimal codons (F op ) for each gene, i.e., the fraction of optimal codons among all codons in the evolution observed for the right arm of the X in comparisons of D. pseudobscura and its relatives, relative to the gene (Ikemura 1981 ; Duret and Mouchiroud 1999). The major codon preferences of D. pseudoobscura are same genes (which are autosomal) in comparisons of D. melanogaster and its relatives (Counterman et al. 2004) .
very similar to those of D. melanogaster (Akashi and Schaeffer 1997), so that preferences in either species To examine further the nature of selection on protein Synonymous and Nonsynonymous are the number of synonymous and nonsynonymous changes, respectively. D. affinis was used as an outgroup. P was calculated using the two-tailed Fisher's exact test, comparing numbers of synonymous vs. replacement changes in the fixed and polymorphic categories, respectively. *P Ͻ 0.05, **P Յ 0.01.
can be used to define optimal codons for D. miranda.
To assess this, we classified synonymous changes as either polymorphic variants within D. miranda or fixed To check this, we compared the values of F op using the tables of preferences from both species and the results differences between D. miranda and D. pseudoobscura (Table 6). The ancestral state was inferred by parsimony did not differ significantly (Table 5) , except for those from sry-alpha, whose F op -values were 0.42 and 0.57 using using D. affinis as a distant outgroup (Akashi 1995), and mutational changes were assigned to the branches the D. pseudoobscura and D. melanogaster preferences, respectively. Given that D. miranda is much closer to D.
of the phylogeny leading to D. miranda and D. pseudoobscura. To avoid confounding effects of polymorpseudoobscura than to D. melanogaster, we used the D. pseudoobscura preferences in all the subsequent analyses. phism within D. pseudoobscura, for which data are lacking in our study, we consider only fixed mutations asThe major codon preference model assumes that selective forces on synonymous codons are weak (Bulmer signed to the D. miranda branch. We found that r pd was much higher for P → U mutations than for U → P 1991; Akashi 1995). Comparisons of sequence data within and between species thus provide a means of changes (1.9 vs. 0.5, P Ͻ 0.01, one-tailed contingency test), consistent with the action of weak selection against detecting these forces, which otherwise would be difficult to detect (Akashi 1995) . Given that selection is P → U changes. In addition, the numbers of P → U and U → P fixations do not differ significantly from expected to be less efficient at removing slightly deleterious mutations than preventing their fixation (Kimura equality (19 and 12, respectively), consistent with codon usage being in equilibrium in these two species (Bulmer 1983; Akashi 1995) , one way of detecting selection at synonymous sites is to compare the ratio of polymor-1991). If there had been a genome-wide relaxation of selection on codon bias (consistent with a recent decline phism to divergence (r pd ) between the two different classes of synonymous changes that change codon usage in the effective population size, N e ), as seems to have happened in D. melanogaster (Akashi 1996) , we would between preferred (P) and unpreferred (U ) codons. If there is no selection, the r pd ratio for P → U changes observe an excess of P → U fixations. Conversely, a recent population expansion would proshould be equal to that for U → P changes. In contrast, higher ratios of polymorphism to divergence for P → duce an excess number of singletons compared to neutral expectation. To check for this, we performed a Fu U than for U → P changes are expected if there is selection against unpreferred (nonoptimal) codons and Li (1993) test. As shown in Table 7 , there was no overall significant departure from neutral expectations (Akashi 1995). of D. miranda (Bachtrog 2003b) , which suggested that selection was not maintaining codon bias. However, it seems likely that the excess of fixations of unpreferred for both coding and noncoding sequences. This is in agreement with the results of Yi et al. (2003) , who found mutations on the neo-X chromosome lineage observed by Bachtrog (2003b) is probably due to the use of no convincing evidence for a recent population expansion in D. miranda from polymorphism data on a set of only one sequence per locus, which causes some polymorphisms to be incorrectly classified as fixations. Given 12 autosomal, X, and neo-X linked genes, in contrast to its close relative D. pseudoobscura (Machado et al. 2002) .
that selection in favor of preferred codons generates an excess of P → U over U → P polymorphisms (Akashi 1995), inclusion of polymorphisms among fixations will DISCUSSION inflate the number of inferred P → U fixations.
To test this possibility, we reestimated the number of Nature of selection on protein sequences in D. miranda: Our analysis of polymorphism and divergence changes between D. miranda and D. pseudoobscura using a single, randomly chosen sequence from each gene. data on 20 autosomal and X-linked loci of D. miranda suggests that there is a predominance of purifying selec-
The number of substitutions to unpreferred codons was greatly overestimated when we employed a single tion on polymorphic amino acid replacement variants, as indicated by an excess of low-frequency nonsynonysequence, with 37 P → U and 14 U → P fixations (P Ͻ 0.005, 2 -test against 1:1 expectation). When we mous polymorphisms over neutral expectation and a significantly larger ratio of nonsynonymous polymorcompared our results with those shown in Table 4 of Synonymous changes (using D. pseudoobscura preferences table)
Fixed Polymorphic Total  19  12  0  17  48  20  37  6  0  16  59  36 Bachtrog (2003b), we found no significant differences fer 1997), so that GC-biased gene conversion (Galtier et al. 2001; Birdsell 2002) , or recent changes in the in the proportions of changes for either the neo-X or the neo-Y chromosomes using 2 -contingency tests. This intensity of mutational bias (Francino and Ochman 1999) , could be confounded with the effects of selection strongly suggests that the use of a single allele inflates the estimates of numbers of P → U fixations for the highly polymorphic neo-X chromosome. We also exam- mechanisms, they should have similar effects on coding and neighboring noncoding regions, so that the analysis of nucleotide substitutions in these two fractions of the substitution patterns between coding sequences and introns, we can conclude that biased gene conversion genome should reveal which forces are involved.
We compared r pd (GC → AT) to r pd (AT → GC) in toward GC (BGC GC ) and/or changes in mutational bias are not the major forces driving codon usage evolution. coding (r c ) vs. noncoding DNA (r nc ) and found that r c was much greater than r nc (Table 8 ). This is due to a This does not, of course, completely exclude a role for these forces. BGC GC is expected to generate a correlation substantial excess of GC → AT polymorphisms at synonymous sites compared with noncoding sites (P Ͻ 0.01, between the base compositions of adjacent coding and noncoding sequences (Galtier et al. 2001; Marais 2 -contingency test with Yates' correction). However, there is also a significant excess of GC → AT fixations 2003). For the genes in Table 1 , we found a nonsignificant correlation between the GC content of introns among the coding sequences (P Ͻ 0.01), apparently conflicting with the above inference that base composi-(GC i ) and the GC content at the third codon position (GC 3 ) of the genes in which they reside (Kendall's ϭ tion is at equilibrium. No such difference is found for the noncoding sequences, and the difference between 0.11, P ϭ 0.43, two-tailed test; Figure 1 ). The pattern is the same when we use the corresponding D. pseudoobthe two types of sequence is significant (P Ͻ 0.01). The probable reason for the excess of GC → AT fixations scura sequences. This is consistent with the weak correlations reported for D. melanogaster (Kliman and Hey at synonymous sites is that the expectation of equality of GC → AT and AT → GC fixations holds only for 1994; Marais and Piganeau 2002), which could not be detected in the small sample of genes used here. those mutations that arose in the D. miranda lineage from sites that were fixed at the time of divergence from Estimates of the intensity of selection on codon usage: To estimate the selection intensities at synonymous sites, the common ancestor with D. pseudoobscura. Given the low divergence between the two species compared with we applied a maximum-likelihood method based on the frequencies of P → U mutations among P → U and the within-species diversity in D. pseudoobscura (see results), it is likely that a significant fraction of fixations U → P polymorphic sites (Maside et al. 2004) . The scaled selection parameter 4N e s is denoted by ␥, where involve polymorphisms that were present in the common ancestor. It is easily shown that the ratio of the 2s is the selection coefficient against a homozygous U variant (diploidy, no dominance, and equal selection probabilities of fixation of deleterious and favorable variants is higher for polymorphic variants than for new coefficients at each site are assumed). For the pooled data set, the maximum likelihood of ␥ was 2.5 (2-unit mutations, since a relatively frequent deleterious variant has already avoided loss from the population. We would support limits 1.5-3.8); this value did not differ significantly from those obtained after dividing the data set therefore expect an enrichment of deleterious variants among fixed differences that have arisen from ancestral into two groups of genes with low bias (F op Ͻ 0.60, ␥ ϭ 2.6) and high bias (F op Ͼ 0.63, ␥ ϭ 2.2). This lack of polymorphisms; this hypothesis can be tested by determining the status of variants within D. pseudoobscura, an apparent difference between classes may reflect the limited range of F op -values in our sample of genes: the by comparison with D. miranda and D. affinis, to see if there is evidence that they are often ancestral (V. Noël, average F op -values for the low-and high-bias groups were 0.50 Ϯ 0.024 and 0.66 Ϯ 0.009, respectively. C. Bartolomé and B. Charlesworth, unpublished data).
With ␥ ϭ 2.5, we have an N e s-value of 0.63 (with ‫%59ف‬ confidence interval of 0.38-0.95). This implies the acSince our results imply a significant difference in the We also estimated the selection intensities from the proportion of U singletons among P → U and U → P)
The first four columns relate to a gamma distribution of polymorphisms (Maside et al. 2004) ; the results were the scaled selection intensity ␥; the fifth gives the estimate of mean ␥ obtained for a general distribution from the secondnot significantly different from the above estimate (␥ ϭ order Taylor series approximation, with the same variance as 1.2, upper 2-unit support limit 3.1). This agrees with the gamma distribution; the sixth is the estimate for a normal the absence of evidence for a recent population expandistribution with this variance. See text for further details. sion in D. miranda, described above.
Effects of BGC: The absence of evidence for BGC GC in our data on noncoding sequences may simply reflect
The larger predicted value of mean GC 3 compared with the observed value thus suggests that BGC GC may the relatively small amount of polymorphism data. Following the approach of Maside et al. (2004) , we have have some effect on the base composition of both coding and noncoding sequences, since it causes an underindirect evidence for effects of BGC GC . We can compare the expected value of GC 3 with that expected from the estimation of the mutational bias parameter (Maside et al. 2004) . A GC 3 content of 0.69 with a ␥Ј-value of 2.0 estimated mutational bias in favor of GC → AT mutations and the intensity of selection on preferred codons.
implies a mean k-value of 3.3; this in turn suggests a ␥Ј-value of 0.75 for noncoding sequences, to account for The former can be estimated from the GC content of introns (GC i ); assuming equilibrium under neutrality, the observed value of GC i . This is well within the 2-unit support limits for the maximum-likelihood estimate of the mutational bias k for a gene (the ratio of the mutation rates for GC → AT and AT → GC mutations) can ␥Ј from the noncoding polymorphism data in Table 8 (‫ف‬Ϫ1.0-1.8); further data on polymorphisms at nonbe estimated from the standard formula for statistical equilibrium under mutation pressure alone (Bulmer coding sites are needed to examine this question further. This value of k requires a ␥ of 1.48 to yield the 1991) as (1/GC i ) Ϫ 1. Taking the mean of 1/GC i over all 27 D. miranda genes for which data are available, observed mean value of F op (Table 5) ; this falls within the 2-unit support limits for the maximum-likelihood the estimated mean value of k is 1.77, with a standard deviation of 0.49. Assuming as a rough approximation estimate of ␥. This analysis does not, of course, distinguish between the effects of selection and BGC on nonthat the selection intensity for GC 3 (␥Ј) is 80% of that estimated for preferred codon usage (i.e., ␥Ј ϭ 2.0; coding sequences, but comparative studies of base composition across the genome tend to support a role for Maside et al. 2004) , the predicted value of GC 3 from the equation for equilibrium under selection, drift, and BGC (Marais 2003) . Effects of variation in the selection parameter: Anmutation (Bulmer 1991 ) is 0.81, much larger than the observed value of 0.69.
other question is the extent to which estimates of ␥ may be biased by variation in ␥-values among different sites. This value might, in fact, be somewhat underestimated if there is variance in k among genes, as indicated This is relatively hard to examine in the context of maximum likelihood without using simulations, but is by the substantial variance in GC i . A second-order Taylor series correction for the effect of variance in k on simple to model for the method of moments estimator obtained by equating the theoretical and observed the equilibrium value of GC 3 (p) yields the following prediction for mean GC 3 , values of the proportion of P → U polymorphisms among P → U and U → P polymorphisms. Unless the existence of variation in ␥ among sites has a large
effect on the sampling distribution, this should yield some insight into the effects of variation in ␥, since p(k) ϭ exp ␥Ј/(k ϩ exp ␥Ј), (1b) the method of moments estimator and the maximumlikelihood estimator must converge asymptotically. Table 9 shows examples of three different methods where overbars indicate mean values, and V k is the variance in k. Substituting the estimated standard deviation of calculating the effect of a distribution of ␥-values on estimates of mean ␥. Each codon is assumed to be of k into this expression increases the predicted mean GC 3 by a factor of only 1.025, so the effect is negligible.
sampled independently from the relevant distribution.
The left-hand part of the table shows the results of from the polymorphism data and a high mutational bias are required to explain all features of the data. Moderate assuming a gamma distribution; i.e., the probability density of a given value of x is proportional to ␤ Ϫ␣ x ␣Ϫ1 to high variability in ␥ requires higher mean ␥-values than if variability is absent, and high variability is difficult exp(Ϫx/␤). The shape parameter, ␣, was assigned arbitrarily (first column), and the expected proportion of to reconcile with the overall level of codon usage bias. A similar analysis was also carried out for data on D. P → U polymorphisms was calculated by numerically integrating the expression given by Equation 1 of americana, previously analyzed by Maside et al. (2004) on the assumption of no variation in ␥. Their data set Maside et al. (2004) over a gamma distribution with a given value of the ␤ parameter (note that the sign of ␥ was reduced to five alleles per gene for this purpose. Very similar results to the above were obtained; with in the expression that follows their Equation 1 should be reversed). The value of ␤ that equalizes observed a gamma distribution, the estimated value of mean ␥ increases from 2.58 to 10.3 as ␣ changes from 20 to 0.5. and expected proportions of P → U polymorphisms for the assigned ␣-value was then determined iteratively However, these mostly predict too high a mean F op , especially for the set of low codon usage bias genes, as (second column). The corresponding means and standard deviations were calculated from the standard forwas found for the case of no variation in ␥ by Maside et al. (2004) . Using their estimate of k ϭ 3.6 for lowmulas for a gamma distribution (third and fourth columns).
bias genes, together with the lower 95% confidence interval for the proportion of P → U polymorphisms The corresponding mean values from the secondorder Taylor series approximation for the expected profor low-bias genes, a gamma distribution with ␣-values of 5, 2, and 1 yields estimates of mean ␥ of 1.62, 1.92, portion of P → U polymorphisms are shown in Table  9 , column 5, and the value for a normal distribution and 2.12 and mean F op -values of 0.59, 0.65, and 0.70, respectively, compared with an observed mean F op of with the same variance as the gamma distribution is shown in column 6, for that part of the parameter space 0.59. Again, it seems that a relatively low variance in ␥ is most compatible with the data. where a normal distribution of ␥ produces only a negligible fraction of negative values of ␥.
